Objective-The purpose of this study was to characterize the relationship between adipose tissue phenotype and depot-specific microvascular function in fat. Methods and Results-In 30 obese subjects (age 42Ϯ11 years, body mass index 46Ϯ11 kg/m 2 ) undergoing bariatric surgery, we intraoperatively collected visceral and subcutaneous adipose tissue and characterized depot-specific adipose phenotypes. We assessed vasomotor function of the adipose microvasculature using videomicroscopy of small arterioles (75-250 m) isolated from different fat compartments. Endothelium-dependent, acetylcholine-mediated vasodilation was severely impaired in visceral arterioles, compared to the subcutaneous depot (PϽ0.001 by ANOVA). Nonendothelium dependent responses to papaverine and nitroprusside were similar. Endothelial nitric oxide synthase inhibition with N -nitro-L-arginine methyl ester reduced subcutaneous vasodilation but had no effect on severely blunted visceral arteriolar responses. Visceral fat exhibited greater expression of proinflammatory, oxidative stress-related, hypoxia-induced, and proangiogenic genes; increased activated macrophage populations; and had a higher capacity for cytokine production ex vivo. Conclusion-Our findings provide clinical evidence that the visceral microenvironment may be intrinsically toxic to arterial health providing a potential mechanism by which visceral adiposity burden is linked to atherosclerotic vascular disease. Our findings also support the evolving concept that both adipose tissue quality and quantity may play significant roles in shaping cardiovascular phenotypes in human obesity. (Arterioscler Thromb Vasc Biol. 2012;32:467-473.)
T he global obesity epidemic is expanding at an alarming rate producing a major health care burden. 1, 2 Obesity is associated with endothelial dysfunction and early atherosclerosis, 3, 4 and recent data highlight obesity as a major cause of premature death from ischemic heart disease and stroke. 5 Clinical studies link the accumulation of intraabdominal visceral fat and central adiposity to coronary heart disease, metabolic syndrome, and type 2 diabetes risk. 6 -8 As such, there is mounting evidence that intrinsic properties of visceral adipose tissue may be deleterious to the cardiovascular system owing to its high capacity for toxic lipolysis and increased production of adipokines and inflammatory cytokines. 7,9 -11 We recently demonstrated that adipose tissue inflammation is linked to whole body metabolic dysregulation and systemic vascular dysfunction, providing evidence that qualitative features of fat may shape clinical phenotypes. 12, 13 While experimental studies infer a pathogenic connection between visceral fat and cardiovascular risk, mechanisms are largely unknown. We hypothesized that if adipose tissue is a regulator of vascular function and the visceral milieu more pathogenic, depot-specific differences would be manifest in arterioles intrinsic to different adipose domains. The goal of the present study was to determine whether arterioles isolated from visceral compared to subcutaneous (sc) regions exhibit a more diseased profile manifest by endothelial vasomotor dysfunction, and to determine whether differences in inflammatory characteristics exist between the 2 different compartments.
Methods

Study Subjects
Obese men and women (body mass index Ն30 kg/m 2 , age Ն18) were enrolled in the Boston Medical Center Bariatric Surgery Program. Subjects with unstable medical conditions such as active coronary syndromes, congestive heart failure, systemic infection, acute illness, malignancy, or pregnancy were excluded. The study was approved by Boston Medical Center Institutional Review Board and all subjects gave written informed consent.
Biochemical analyses including lipids, glucose, insulin, homeostasis model assessment of insulin resistance, glycosylated hemoglobin, and high-sensitivity C-reactive protein were quantified from blood samples collected in a fasting state.
Adipose Tissue Collection and Vessel Preparation
Subcutaneous and visceral adipose tissue biopsies were collected intraoperatively during planned bariatric surgery. Subcutaneous adipose tissue was harvested from the lower abdominal wall and visceral tissue secured from the greater omentum, respectively. Specimens were placed immediately in cold HEPES buffer solution, pH 7.51 (American Bioanalytical, Natick, MA). Small adipose arterioles (75-250 m internal diameter) were carefully removed of surrounding fat and connective tissue and suspended in an organ chamber containing Krebs solution, cannulated securely with glass micropipettes. 14 The organ chamber was then mounted onto a stage with inverted microscope (magnification ϫ200) and video camera monitor (model VIA-100; Boeckler Instruments, Tuscon, AZ) for vascular diameter measurements using videomicroscopy. Arterioles were pressure equilibrated and continuously perfused with Krebs buffer aerated with a gas mixture of 5% O 2 , 21% CO 2 , and 74% N 2 .
Assessment of Adipose Arteriolar Function
The internal arterial diameter of each vessel was initially measured at a steady state followed by administration of endothelin-1 (ET-1, 2ϫ10 Ϫ6 M, Sigma-Aldrich, St. Louis, MO) to preconstrict vessels to 50% to 70% of internal diameter. Endothelial nitric oxide synthasedependent vasodilation was assessed by measuring arteriolar change in diameter to increasing doses of receptor mediated NO-agonist acetylcholine (Ach, 10 Ϫ10 to 10 Ϫ5 M, Sigma-Aldrich) in the presence or absence of endothelial nitric oxide synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME, 10 Ϫ4 M, Sigma-Aldrich). Endothelium-independent vasodilation was determined using papaverine (Pap, 2ϫ10 Ϫ4 M, Sigma-Aldrich) and sodium nitroprusside (SNP, 10 Ϫ10 to 10 Ϫ4 M, Sigma-Aldrich). Pharmacological agents were added to the external bathing solution of the organ chamber, and the indicated concentration represents the final chamber molar concentration.
Adipose Tissue Gene Expression
Immediately following biopsy collection, adipose tissue samples were stored in RNAlater (Sigma Aldrich) solution at Ϫ80°C. Total RNAs were isolated from homogenized whole adipose tissues using the miRNeasy kit (Qiagen, Germantown, MD). Quantitative realtime-PCR reactions were performed using a high throughput instrument (BioMark, Fluidigm, San Francisco, CA) by using Gene Expression Assays (Applied Biosystems, Foster City, CA) and DynamicArray chips (Fluidigm, San Francisco, CA). We additionally separated endothelial cells from nonvascular fractions in adipose tissue as previously described. 15, 16 Briefly, fat samples were digested in a collagenase I solution (300 U/mL in phosphate-buffered saline and 2% bovine serum albumin; Worthington Biochemical Corp, Lakewood, NJ), treated with erythrocyte-lysing buffer (R&D systems, Minneapolis, MN), and endothelial cells isolated using CD31 MACS MicroBead Kit (Miltenyi Biotec Auburn, CA). Cells were lysed with Qiazol lysis solution and kept at Ϫ80°C until RNA isolation. Total RNA isolation for vascular endothelial cells was performed as described above.
Histology
Blood vessels isolated from fat were fixed in 10% buffered formalin for analysis by the Pathology Department of Boston Medical Center. Paraffin embedded arterioles were stained with hematoxylin and eosin and also characterized by immunohistochemistry with endothelial cell-specific CD31 (BioGenex, Freemont, CA). Microvessels were stained for macrophages using a cell-specific target to CD68 (Ventana Medical Systems, Tucson, AZ). Microvascular morphology was further assessed by elastica-van Gieson staining (Ventana Medical Systems). Media to lumen ratio was quantified using an established NIH Image J program as previously described. 17
Flow Cytometry and Leukocyte Isolation
Resident macrophages were isolated from fat as previously described. 18 In brief, tissues were gently homogenized and filtered through 70 m cell strainers (BD Falcon, Bedford, MA) for single cell suspension. Macrophages were isolated by dual density gradient (Histopaque-1077 and Histopaque-1119, Sigma Aldrich) to account for changes in cellular density of tissue. Recovered cells were assessed by flow cytometry to measure macrophage surface receptors CD14, CD209, and CD206 (BD Pharmingen, San Diego, CA) and TLR4 (eBioscience, San Diego, CA).
In a subset of specimens, isolated leukocytes were harvested and allowed to adhere to cell culture plates for 4 hours. Adherent cells comprised of 85% to 95% CD14 ϩ macrophages, cultured overnight Ϯ1 g/mL of E.coli lipopolysaccharide (Alexis Corporation, Lausen, Switzerland), and supernatants assessed for secreted interleukin (IL)-6 and IL-8 concentrations using standard ELISA (R&D Systems, Minneapolis, MN).
Statistical Analysis
Group differences in clinical characteristics, gene expression, cytokine production, flow-cytometry measures, and baseline vascular parameters were examined by Mann-Whitney-Wilcoxon and Chi square tests for continuous and categorical variables, respectively. Repeated-measures ANOVA was used to compare depot-specific vascular dose-response curves to pharmacological probes. Associations between vascular dilator responses (defined by dose-response area under the curve), adipose tissue gene expression, and clinical data were examined using Spearman's rank correlation analyses. Statistical significance was defined as PϽ0.05. All data are expressed as meanϮSD, unless otherwise indicated. All data were analyzed using SPSS for Windows, version 13.1.
Results
We harvested a total of 40 adipose arterioles from sc (nϭ17) and visceral (nϭ23) fat depots in 30 patients. Clinical characteristics of subjects that provided adipose samples during bariatric surgery are displayed in Table 1 . There were no significant differences in clinical parameters or medication use listed between subjects that provided sc versus visceral arterioles.
Depot-Specific Adipose Arteriolar Responses
Mean resting internal diameter of arterioles isolated from sc fat was 147Ϯ57 m and in the visceral 171Ϯ50 m (Pϭ0.20). Additionally, the media/lumen ratio was not different between microvessels isolated from the sc (2.1) compared to visceral adipose depot (2.0, Pϭ0.88). The degree of microvascular preconstriction to ET-1 was also similar in both groups (57Ϯ12% and 56Ϯ12% of basal diameter in sc and visceral, respectively, Pϭ0.87). Endothelium-dependent vasodilation was then assessed with dose-response relationship to increasing Ach concentrations (10 Ϫ10 -10 Ϫ5 M). As shown in Figure 1 , Ach-mediated vasodilation was significantly impaired in visceral compared to sc adipose arterioles (PϽ0.001 by ANOVA), even exhibiting paradoxical vasoconstriction in some individuals by Յ5%. In contrast, responses to papaverine (Pap) as an endothelium-independent agonist were similar in both groups, indicating intact vascular smooth muscle function. In a subset of 10 patients that provided paired samples simultaneously from both visceral and sc depots, we again observed a profound decrement in endothelium-dependent vasorelaxation of visceral arterioles, similar in magnitude to results for the group as a whole (PϽ0.001, Supplemental Figure I, available online at http://atvb.ahajournals.org). These latter findings are particularly important because vessels for both depots originated from the same person, removing any potential confounding effect of unmeasured systemic parameters between individuals. Stratification of subjects based on presence or absence of diabetes mellitus (Supplemental Figure II) or hypertension (data not shown) did not alter the results.
Vessel viability was confirmed by preserved responses to ET-1 (preconstriction) and papaverine (maximal vasodilation). We further excluded the possibility of endothelial denudation or anatomic damage to blood vessels by histological confirmation of structural integrity. Immunohistochemistry targeted to CD31 (Supplemental Figure IIIA Figure III) . Additionally, elastica-van Gieson and CD68 stains showed no evidence of intimal thickening, atherosclerotic changes, or vascular macrophage infiltration (Supplemental Figure IV) .
To determine the role of nitric oxide bioaction in endothelium-dependent responses of adipose microvessels, in a subset of individuals, we examined vascular dilation to AchϮL-NAME (10 Ϫ4 M). As shown in Figure 2 , L-NAME significantly reduced Ach-mediated relaxation by 40% in sc vessels (nϭ6, Pϭ0.005), whereas no significant effect was observed on visceral arterioles that already exhibited pro-found endothelial dysfunction (nϭ6, Pϭ0.36). Additionally, we examined vasodilator responses to increasing doses of sodium nitroprusside, which demonstrated no significant interdepot differences in vasodilation (nϭ6, Pϭ0.5; Supplemental Figure V) , further supporting the notion that depot-specific vasodilator defects are related to endothelial dysfunction.
Adipose Tissue Characterization
As systemic clinical parameters failed to explain differences in depot-specific vascular responses, we sought to characterize disparities between fat depots focusing on inflammatory activation. As shown in Table 2 , using RT-PCR we demonstrated significantly higher expression of proinflammatory and oxidative stress-related genes in visceral compared to the sc depot. Among the genes measured, the greatest difference was observed for IL-6, a cytokine upregulated in obesity and BMI indicates body mass index; HOMA, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; HbA1c, glycosylated hemoglobin; ARB/ACE, angiotensin receptor blocker/angiotensin converting enzyme; DPP-4, dipeptidyl peptidase-4. strongly implicated in the pathogenesis of diabetes and acute coronary syndromes. 19, 20 Proangiogenic and hypoxia-related genes were also upregulated in visceral fat in line with recent data demonstrating depot-specific differences in vascularity and angiogenic potential. 21 Results were directionally similar for subjects that provided paired sc and visceral fat, despite the smaller sample size ( Supplemental  Table I ). In addition, gene expression analysis specifically performed in isolated endothelial cells for select cytokines yielded similar results (Supplemental Figure VI) . Achmediated vasodilatation (AUC) correlated negatively with the following adipose tissue genes: IL-6, NF-B, MYD88, CCL5, TGF-␤, CD8, HIF1-␣, and VEGF (PϽ0.05 for all).
Infiltrating macrophages are thought to be the primary source of proinflammatory cytokine production in the adipose tissue. 22 The notion that macrophages exist in proinflammatory (M1) and reparative (M2) states that may be relevant to disease mechanisms is an evolving concept. 23 We identified a subset of activated adipose tissue macrophages expressing proinflammatory cell surface toll-like receptor 4 suggestive of M1 phenotype. As shown in Figure 3 , using flow cytometry we demonstrated higher population of toll-like receptor 4 macrophages in visceral versus sc fat (58Ϯ20% versus 43Ϯ20%, PϽ0.001, nϭ19). The same relationship was evident for macrophages expressing 2 surface markers traditionally associated with M2 populations: CD209 (31Ϯ18% versus 21Ϯ17%, PϽ0.01, nϭ14) and CD206 (27Ϯ21% versus18Ϯ11% PϽ0.01, nϭ17).
To further characterize functional aspects of adipose immune cells, leukocytes primarily comprising of macrophages were isolated from different depots and cultured in the presence or absence of lipopolysaccharide. As shown in Figure 4 , leukocytes recovered from visceral tissue produced higher basal levels of IL-6 (PϽ0.001) and IL-8 (PϽ0.05) compared to sc fat. Further, lipopolysaccharide-stimulated production of IL-6 was higher in visceral fat (PϽ0.01). The findings suggest that immune cells within visceral domains express higher basal and stimulated levels of cytokines that contribute to regional differences in proinflammatory profiles.
Discussion
In the present study of severely obese subjects, we show that human arterioles isolated from visceral omental fat exhibit severely impaired endothelium-dependent vasodilation compared to sc adipose microvessels. The degree of vascular impairment in the visceral compartment was profound with some arterial segments exhibiting paradoxical vasoconstriction suggesting a significant defect in endothelial vasodilator function. 24 We observed greater expression of proinflammatory, oxidative stress-related, hypoxia-induced, and proangiogenic genes, and higher ambient and inducible production of inflammatory cytokines in visceral compared to sc depots. The present findings are clinically significant as they provide direct evidence that the visceral microenvironment is intrinsically more toxic to arterial health, lending support for a potential mechanism by which overall visceral adiposity burden may link to atherosclerotic vascular disease. Obesity, as defined by elevated body mass index, is associated with increased cardiovascular mortality, independent of associated traditional risk factors. 1, 2 Clinical studies consistently demonstrate that degree of central abdominal obesity, measured by waist circumference or waist-to-hip ratio, more strongly links to cardiovascular death than general obesity measures such as body mass index, even in normal weight patients. 8 -10 Although central adiposity correlates closely with visceral fat load and metabolic dysfunction such as insulin resistance, dyslipidemia, and hypertension, this clinical phenotype is also coupled to a heightened state of chronic inflammation characterized by increased circulating levels of adhesion molecules, C-reactive protein, and IL-6 which predict diabetes and myocardial infarction risk. 19, 20 A key mechanism, now recognized in both animal models and humans, is inflammation of hepatic and adipose stores, largely driven by infiltrating macrophages and cytokine overproduction that contribute to both local and whole body immune dysregulation in association with excess weight. 13, 22, 25, 26 While inflammatory markers correlate well with the degree of fat burden in both sc and visceral compartments, the latter relationship appears to be stronger. 27 We recently demonstrated that both central fat deposition and the state of inflammation in fat are linked to systemic vascular endothelial dysfunction in the obese, suggesting that both quantity and quality of fat, may be germane to cardiometabolic phenotypes. 13 In the present study, we now have evidence that both these processes may be intertwined. In keeping with prior studies showing differing metabolic and secretory profiles between visceral and sc fat, 28, 29 we demonstrate the adipose transcriptome and secretome to be markedly more proinflammatory in visceral depots. Specifically, we observed increased expression of T-lymphocyte and macrophage markers in the visceral compartment in conjunction with upregulated repertoire of cytokines and activation of the innate immune system. Interdepot differences in gene expression were most pronounced for IL-6, a cytokine upregulated in obesity and closely associated with systemic endothelial dysfunction 30 and myocardial infarction risk. 20 Up to 35% of plasma IL-6 concentration is estimated to originate from adipose tissue, and blood levels of IL-10, IL-8, TNF-␣, and C-reactive protein are all also reported to be elevated in obesity and linked to a wide range of metabolic complications. 31, 32 The findings are particularly important from a cardiovascular standpoint because inflammatory mechanisms play a key role not only in early stages of endothelial dysfunction but also destabilization of advanced atherosclerotic plaques that precipitate acute cardiovascular events as primary cause of mortality in obese individuals.
Our contention that severe impairment in vasomotor function in the visceral domain may result from local overproduction of cytokines that exert direct pathogenic effects on the vasculature is highly plausible. Paired experiments in both visceral and sc arterioles from the same individual strongly implicated that differences in vascular reactivity were attributable to properties specific to sampled adipose tissue. In this regard, a proinflammatory visceral transcriptome was associated with upregulation of several cytokines known to impair vasomotor function. For example, TNF-␣ activates NF-B, stimulates NADPH oxidase, induces superoxide production, and abolishes vascular NO bioavailability and endotheliumdependent vasodilation. 33, 34 Interleukin-1␤ and IL-6 disrupt arterial function via generation of reactive oxygen species, 35 and altered endothelial nitric oxide synthase bioactivity. 36 In contrast, microvessels exposed to IL-6 and TNF-␣ antagonists rescue the abnormal phenotype. 37, 38 Additional, experimental studies further support the growing notion that inflammatory topology of adipose tissue modulates vascular biology. For example, transplanting inflamed visceral fat accelerates aortic atherosclerosis in recipient Apo E Ϫ/Ϫ mice. 11 Macrophage ablation of inflamed perivascular fat restores loss of anticontractile properties in mesenteric vessels 39 and supports a role of adipose inflammation in modulating vascular responses.
Human adipose tissue in massively obese humans is a major systemic source of adipocytokines of which Ͼ90% is derived from nonadipocyte fractions, primarily macrophages. 32 Although probably oversimplified, the notion that macrophages exist in proinflammatory (M1) and reparative (M2) states that may be relevant to disease mechanisms is an evolving concept. 40 Although macrophages within the adipose tissue of obese mice exhibit M1 characteristics, 41 immune dysregulation in human fat appears more complex and lacks a distinct phenotype at this time. 42, 43 We identified a higher percentage of macrophages in visceral fat expressing cell surface TLR4, known to exhibit proinflammatory M1 characteristics in atherosclerotic plaques. 44 Similarly, we observed parallel upregulation of macrophages expressing CD206 or CD209, traditionally associated with M2 subpopulations 43 with no significant depot-specific difference in M1/M2 ratio. We speculate that adipose remodeling may not only be species-specific but also relate to obesity duration that have generally been short-term in animal studies, in contrast to our human cohort afflicted with an average of 20 years of obesity. Understanding mechanisms involved in resolution of adipose tissue inflammation may reveal novel therapeutic targets. 45 What sets off the inflammatory cascade in adipose tissue is of great interest and likely to provide treatment clues for several obesity-related diseases that have inflammatory mechanistic basis including atherosclerosis, diabetes, and cancer. Experimental data suggest that adipose overexpansion, particularly in visceral fat, may suffer from capillary rarefaction and tissue hypoperfusion that locally triggers a vicious cycle of ischemia, hypoxia, necrosis, and inflammation within the adipose milieu. 46 As such, our observation of significantly greater hypoxia-related and proangiogenic imprint in visceral fat prompts speculation that tissue-specific functional defects in vascularity and perfusion may have profound effects on the adipose microenvironment and the organism as a whole, and leaves room for additional studies.
Our present study has several limitations. First, we studied individuals with advanced class III-IV obesity referred for bariatric surgery, which provided clinical feasibility to access multiple adipose depots simultaneously. We recognize that studying extreme weight categories may not be representative of the general population with milder degrees of obesity. However, recent data show that even modest visceral fat gain in normal weight subjects promotes vascular endothelial dysfunction, suggesting a biological connection. 47 Second, most participants in the study were women, reflecting the female predominance of our bariatric service and clinical practice nationally. 48 Third, we speculated that TLR4 expression signified M1 polarization, although the functional characterization of this specific macrophage phenotype in human fat remains unproven. Fourth, medications could not be entirely washed out owing to medical treatment indications, and depot-specific effects in treated patients cannot be completely excluded. Lastly, we attributed the cytokine source from cultured leukocytes to primarily macrophages based on prior experimental data, but we recognize that adipocytes and other immune cell populations including B and T lymphocytes, neutrophils, and mast cells likely contribute to chemokine and cytokine release in adipose tissue. 32, 49 In conclusion, we provide direct human evidence that the visceral microenvironment is intrinsically toxic to arterial health lending support for a potential mechanism by which overall visceral adiposity burden may link to atherosclerotic vascular disease. Our data also support the growing paradigm that qualitative features of adipose tissue may play a role in shaping disease phenotypes in obese individuals.
